We report a systematic study of the optical properties of superlattices of AlN/Al 0:08 Ga 0:92 (In)N with periods in the range of 1.25-2.25 nm. The superlattices were grown on sapphire substrates using gas source molecular beam epitaxy with ammonia. Effective bandgaps between 4.5 eV (276 nm) and 5.3 eV (234 nm), as determined by optical reflectivity measurements, were obtained by adjusting the barrier and well thickness. These superlattices can be doped n-and p-type. We demonstrate double heterostructure light emitting diodes operating at wavelengths as short as 262 AE 2 nm.
There has been significant recent progress towards sub-300 nm light emitting diodes (LEDs) based on Al x Ga 1Àx N alloys. [1] [2] [3] [4] [5] [6] [7] [8] [9] These alloys can be grown across the full composition range permitting bandgaps ranging from 3.4 eV (x ¼ 0) to 6.1 eV (x ¼ 1). However, device preparation continues to be limited by the difficulty of preparing ptype layers of large bandgap AlGaN. We have shown that this limitation can be overcome by the use of short period superlattices (SPSLs) consisting of AlN barriers (3-5 monolayers thick) and Al x Ga 1Àx (In)N wells (2-3 monolayers thick). [1] [2] [3] 8) The effective energy gaps of AlN/AlGaN 10) and AlN/GaN 11, 12) SLs are known to depend on the well/barrier thickness ratio, the well composition, and the SL period. Our SPSLs containing as many as 400 well-barrier pairs can be grown reproducibly and with excellent structural and optical properties.. 2, 3, 8, 13) When doped with Mg, room temperature hole concentrations as high as 1:1 Â 10 18 cm À3 were obtained in SPSLs with an average AlN content as high as 65%. 2, 3, 13) In similar SPSLs doped with Si, electron concentrations of 3 Â 10 19 cm À3 , with the room temperature mobility of 10-20 cm 2 /VÁs, could be obtained. 2, 8) Using nand p-type AlN/Al 0:08 Ga 0:92 (In)N SPSLs, we have reported UV LEDs with peak emission at 280-290 nm. [1] [2] [3] In this paper we systematically explore the effects of SPSL parameters on optical properties in the short wavelength limit. Based on the results of these investigations, we demonstrate an LED emitting at 262 nm. All samples were grown by gas source molecular beam epitaxy with ammonia on c-plane sapphire. Si, derived from silane, and Mg were used for n-type and p-type doping, respectively. Details of epitaxial growth and mesa-LED fabrication have been described elsewhere. [1] [2] [3] 8, 13) The effective bandgaps of AlN/Al 0:08 Ga 0:92 (In)N SPSLs were obtained from optical reflectance. 14) Because of the high growth temperature, the InN content in our wells is quite low. Secondary ion mass spectrometry (SIMS) measurements show approximately 10 17 cm À3 In atoms in the SL structure.
13) The amount added is small enough not to reduce the bandgap or to alter the period of the superlattice but it results in improved luminescence efficiency. 1, 2) It has been argued recently that even small amounts of In in the lattice may have important effect on the interfacial electric field 15) and therefore electrical properties of the SL. UV devices were designed for emission through the transparent sapphire substrate. The cross-section of basic $260 nm double heterostructure (DH) LED and its energy bandgap profile are shown in Fig. 1 . Note an each SPSL functions as an artificial crystal having a well-defined effective bandgap. Thus a sandwich of such SPSLs looks similar to a DH composed of bulk semiconductors having different bandgaps. The carrier's injection and optical confinement properties of SPSLs-based DHS are under active investigation. [1] [2] [3] 8, 13, 16) The LED consists of four main parts: (1) AlN or Al 0:62 Ga 0:38 N buffer; (2) n-type SPSL cladding layer of $ 400 nm; (3) undoped SPSL active region of $ 30 nm; (4) p-type SPSL cladding layer of $ 210 nm. The buffer layer was incorporated in order to reduce dislocation density in the device SPSL.
3) Dislocation density in the top part of the buffer layer was estimated from TEM measurements at $ ð6{8Þ Â 10 9 cm À2 . The cladding and active layers were composed of AlN/Al 0:08 Ga 0:92 (In)N SPSLs having different effective bandgaps. The electron concentration in the n-type SPSL was $ 10 19 cm À3 with the resistivity $ 0:04 Ácm, measured on a control SPSL grown on sapphire. The p-type Mg-doped SPSL had a total thickness of $ 210 nm and the same composition as the ntype SPSL. The hole concentration of $ 10 18 cm À3 and resistivity of $ 4 Ácm were obtained in Hall measurements on SPSL test structures. A 30-nm thick active region was introduced between the n-ans p-type cladding layers to provide carrier confinement. Its bandgap was $ 300 meV smaller than that of the cladding layers. The active region Active layer Buffer layer sapphire n-SL p-SL thickness was chosen to match the electron diffusion lengths measured in p-type SPSLs. 16) The bandgap reduction in the active region was accomplished by increasing the well thickness by one monolayer (ML) over that of the n-and ptype regions. Note one ML is $ 0:25 nm in AlN or GaN. The introduction of a double heterostructure is an important modification over our previous 280 nm LED design 2, 3) in which the active region was only 6 nm thick. In the current design, all the wells are Al 0:08 Ga 0:92 (In)N and the barriers are AlN. X-ray diffraction (XRD), cathodoluminescence (CL), and optical reflectance of $ 1 mm thick test samples of Al 0:08 Ga 0:92 (In)N were used to measure the well composition and found to be consistent.
We grew two sets of SPSL samples for this study with nominal well thickness of $ 0:50 and $ 0:75 nm, i.e. 2 and 3 ML. The barrier thickness was varied from $ 0:5 nm to $ 1:5 nm, providing a range of corresponding SPSL periods from 1.25 to 2.25 nm. The average composition of the SPSL was determined from the 0th order diffraction using Vegard's Law. The SL period was determined by XRD based on the angular positions of the þ1 and À1 SL diffraction peaks. The SPSL 0, À1, and þ1 XRD reflections show slight broadening. Simulations accounting for a 1 ML thick transition region at the barrier-well interfaces adequately describe the broadening seen in the XRD data. The composition of the transition layer depends on the barrier and well growth rates, and the relatively large Ga and Al shutter switching times of $ 1 s compared to the $ 6 s well growth time. Detailed XRD simulations, to be published separately, 17) indicate that a range of alloy compositions is present in the grown barrier/well interface layers. The analysis suggests that compositions of different 1 ML thick transition layers could change as much as from 30 to 90% of AlN through the device structure. In order to eliminate a formation of transition layer we plan to decrease the growth rates and reduce shutter switching time. Figure 2 shows the optical bandgaps, obtained from reflectance measurements, vs. the SPSL period. The effective bandgap is controlled from $ 4:5 to 5.3 eV, i.e. from $ 276 to 234 nm, based on the growth parameters. We note some scatter in the data of Fig. 2 and attribute it to several sources. First, both XRD and optical reflectance measure average properties of the SPSLs and probe regions 20-30 mm 2 in area. A second source of scatter in the data is uncertainty in the well and barrier widths due to the growth transition region associated with the shutter switching time, discussed above. A third contributor to variations in the barrier and well thickness, are local composition fluctuations in AlGaN well alloy.
18) The optical bandgaps were also found to vary radially by AE 2 nm across the 50 mm wafer diameter. To minimize the latter effect, we conduct all measurements in the same region of the wafer. In the case of the active regions for our LEDs, the total number of periods is relatively small leading to a much smaller variance. By changing the layer deposition time we were able to deposit SPSLs with well thickness, from XRD, intermediate to the single ML grid. An example is shown in Fig. 2 (open circle  near ) , for which the well thickness was found to be 0.68 nm and period of 1.42 nm. The optical gap for this case was seen to lie between the trends shown for 2 ML (0.50 nm) and 3 ML (0.75 nm). We describe later how the intermediate well thickness was used for growing a LED.
The effective bandgap of the SPSL can thus be adjusted either by changing the well or barrier thickness. We observe two trends from the results in Fig. 2 , which originate from varying the average AlN composition in the SPSL. First, the 0.50 nm thinner well series possess energy gaps 400 AE 30 meV higher than the 0.75 nm well set for the same period. For example, points a and b in Fig. 2 illustrate the effect of increasing the well thickness by one ML and decreasing the barrier thickness by the same amount. The second trend is observed from systematically varying the barrier thickness while maintaining constant well thickness. A linear fit provides a shift $ 100 AE 20 meV/ML ($ 7 nm/ML) for each well thickness series. We illustrate this in Fig. 2 through points b and c. We utilize here a simple linear approximation for guiding our device design. A more complete data set, with additional well thickness, is required to develop a better picture of the dependence of energy gap on SPSL parameters. It is clear from our results that control of the SPSL well and barrier thickness provides ''coarse'' and ''fine'' adjustment of the effective bandgap. Changing the well thickness with fixed period provides the coarse control of 400 AE 30 meV. Keeping the well thickness constant and growing with different barrier widths provides the fine control of 100 AE 20 meV/ML. The two approaches to changing the energy gap may also be used in combination. For example, increasing the well by 1 ML and leaving the barrier thickness constant produces an intermediate change in bandgap energy of 270 AE 20 meV, such as points a and c in Fig. 2 . We design our LED cladding and active layers based on these results. The growth procedure of adding one ML to the well is straightforward, and avoids reducing the barrier to two MLs in thickness.
Mesa-etched LEDs were fabricated as previously described.
8) The current-voltage (I-V) characteristic of a 160 mm mesa LED is plotted in Fig. 3 . LED light emission is observed with forward dc current above 2 mA. The device turns on at $ 6:0 V and has differential series resistance R m of 110-120 under forward bias from 8 V to 12 V. The R m of mesa diodes is the sum of the contact (R c ), spreading (R s ), and vertical (R v ) resistances. The resistance of the etched part of the mesa, corresponding to transport across the SPSL layers is R v % ? ðh=AÞ, where ? is the perpendicular resistivity of the SPSL, h is the height of the mesa ($ 300 nm, with the thickness of p-SL $ 200 nm), and A is the contact area. The contact resistance of a 160-mm diameter diode, obtained from specific contact resistance, is R c $ 90 . The estimated spreading resistance of this LED is R s $ 20 and comes from n-type buffer layer. Finally we obtain R v $ 5 resulting in ? $ 50 Ácm for a p-type SPSL. Comparing this to the in-plane conductivity ( Ã ) of the p-type SPSL obtained from Hall measurements, Ã $ 4 Ácm, we obtain the conductivity anisotropy ? = Ã $ 12. These simple considerations indicate relatively low ? , considering the high AlN fraction in our SPSLs, and underscore the importance of reducing the contact resistance to p-type materials. It is also important to lower R s by optimization of the buffer layer thickness and its resistivity.
Based on the results of Fig. 2 , we produced two LEDs operating at different wavelength. The first uses cladding layers described by point a in Fig. 2 . In the active region the well width is increased by 1 ML and the barrier thickness is unchanged, corresponding to point c in Fig. 2 . The EL spectrum of this LED is shown in Fig. 4 . For the 4 mA dc drive current shown, two peaks are observed at wavelengths of 262 and 320 nm. We focus here on the short wavelength peak at 262 nm and will return to the 320 nm feature later. We include the peak at 262 nm (labeled ''X'') in Fig. 2 . Agreement is excellent between the measured emission wavelength and what was expected based on the 1 ML (a ! c) increase in well thickness. A second LED uses cladding layers with properties illustrated by in Fig. 2 . The average well thickness of the n-and p-type cladding materials, as discussed earlier, is intermediate to 2 and 3 ML. For the active layer we increase the well thickness by 1 ML and leave the barrier thickness intact. This is illustrated by points and in Fig. 2, assuming here that the energy differences ! ! in this analysis are the same as what we used for analogous points a, b, and c with integer well thickness. The EL emission spectrum for this LED is also shown in Fig. 4 . At the same forward dc current of 4 mA, two peaks at 282 nm and 320 nm are observed. The 282 nm peak is included in Fig. 2 as symbol Y. We see from this that the design approach accurately predicts the short wavelength LED emission energy. Now we turn our attention to the broad 320 nm peak seen in both EL spectra in Fig. 4 . At low forward current its intensity is almost equal to that of the bandedge emission. However, the bandedge emission grows faster with current, exceeding the intensity of the 320 nm peak by factors of 2 and 3 at dc currents of 10 mA 9) and 12 mA, 2) respectively. A similar feature has been observed in 285 nm LEDs 19) and 292 nm LEDs 9) based on random alloy layers and attributed to a free-carrier to deep acceptor transition in Mg-doped pAl 0:4 Ga 0:6 N. Such a transition could arise in our SPSL-based LED because of the formation of 1 ML thick barrier/well interfaces in which the AlN concentration may range from 30% to 90% of AlN, as mentioned above. Even though the interface regions are only 1 ML thick, the total volume fraction of these regions throughout the SPSL can be considerable since the period is so small. We note however that the position and width of the 320 nm peak in Fig. 4 do not scale with the effective bandgap of SPSL, making it difficult to assign our feature to a free-carrier to deep acceptor transition. Our CL studies, reported elsewhere, 2) show that the intensity of the long wavelength peak scales with Si doping in the SPSLs. Similar sub-bandgap features are observed in 290 nm LEDs grown on silicon substrates. 1) Clearly, additional experiments are required in order to better identify the origin of the 320 nm peak present in UV LEDs.
To summarize, we use the SPSL approach to engineer bandgaps as large as 5.3 eV and demonstrate DHS LEDs with emission wavelength as short as 262 nm. We systematically vary the properties of AlN/Al x Ga 1Àx (In)N SPSLs to show that absorption edge and emission wavelength are controllable by varying the well and barrier properties. 
